We review the most recent experimental progress in the hadron spectroscopy, up to bottomonium mass. This covers the search for the J PC = 1 −+ exotic state, the states in J/ψ decays, the spinsinglets of heavy quarkonium, and the charmoniumlike XY Z states.
Introduction
In the quark model, mesons are the bound state of one quark and one anti-quark, while baryons are composed of three quarks. Although no solid calculation shows hadronic states with other configurations must exist in QCD, people believe hadrons with no quark (glueball), with excited gluon (hybrid), or with more than three quarks (multi-quark state) exist. Since a proton and a neutron can be bounded to form a deuteron, it is also believed that other mesons can also be bounded to form molecules.
It is a long history of searching for all these kinds of states, however, no solid conclusion was reached until now on the existence of any one of them, except deuteron. In this talk, we show the most recent progress in the experimental study of the light and heavy hadrons.
The state with exotic quantum number
States with exotic quantum numbers that quark and antiquark pair can not have give clear evidence of the existence of non-qq states. So far, three candidates with J PC = 1 −+ were reported but some of them suffer from controversial experimental information. A partial wave analysis of 2004 COMPASS data [1] from the diffractive dissociation of 190 GeV π − on a lead target into the π − π − π + final state was performed. In addition to well-knownstates, a significant spin-exotic wave with J PC = 1 −+ decaying to ρπ is found. The mass and width are 1660 ± 10 [7] .
Both BaBar [5] and Belle [6] experiments found new decay modes of the radial excitation of the S-wave charmonium spin-singlet, the η c (2S), and measured the mass and width of it. The new decay modes are
, and 3(π + π − ), these add to the previous known modes KKπ and γγ. The masses are measured to be 3638.3 ± 1.5 ± 0.5 MeV (BaBar) and 3636.9 ± 1.1 ± 2.5 ± 5.0 MeV (Belle), and the widths are 14.2 ± 4.4 ± 2.5 MeV (BaBar) and 9.9 ± 3.2 ± 2.6 ± 2.0 MeV (Belle). Together with the previous measurements [7] , we get the best estimation of the mass and width of the η c (2S) to be M = 3638.0 ± 1.4 MeV and Γ = 12.2 ± 3.1 MeV.
The bottomonium S-wave spin-singlet η b was observed in ϒ(2S) and ϒ(3S) radiative transitions by BaBar [8] and CLEO [9] experiments. The transition rates are at a few 10 −4 level and the mass splitting from the spin-triplet is 69.3 ± 2.8 MeV. Most recent theoretical calculation gives consistent result but with large uncertainty: 60.3 ± 5.5(stat.) ± 3.8(sys.) ± 2.1(exp.) MeV [10] . The calculation predicts the mass splitting of the 2S states of 23.5 ± 4.1 ± 1.5 ± 0.8 MeV, however, the observation of η b (2S) should be extremely hard due to the low energy of the radiative photon from ϒ(2S) or ϒ(3S) decays.
BaBar searched for the P-wave bottomonium spin-singlet h b in ϒ(3S) → π + π − h b and π 0 h b [11] . No evidence was found in π + π − h b mode, and B(ϒ(3S) → π + π − h b ) < 1 × 10 −4 was determined at the 90% C.L. There is a faint evidence (2.7σ ) at 9903 MeV in ϒ(3S) → π 0 h b , and the production rate is determined to be B(ϒ(3S) → π 0 h b ) = (3.1 ± 1.1 ± 0.4) × 10 −4 .
The charmoniumlike XY Z states
As the B-factories accumulate more and more data, lots of new states have been observed in the final states with a charmonium and some light hadrons. All these states populate in the charmonium mass region. They could be candidates for usual charmonium states, however, there are also lots of strange properties shown from these states, these make them more like exotic states rather than conventional charmonium states [12, 13] .
The X (3872)
The X (3872) was discovered by Belle in 2003 [14] as a narrow peak in the π + π − J/ψ invariant mass distribution from B → Kπ + π − J/ψ decays. With the most precise measurement of the mass of M CDF X(3872) = 3871.61 ± 0.16 ± 0.19 MeV [15] from CDF, we know the mass to be 3871.56 ± 0.22 MeV [7] , which is very close to the D * 0D0 mass threshold: m D * 0 + m D 0 = 3871.78 ± 0.29 MeV [7] . This suggests a binding energy of −0.22 ± 0.36 MeV if X (3872) is interpreted as a D * 0D0 molecule, to be compared with the binding energy of −2.2 MeV in deuteron case.
The quantum number of the X (3872) was found to be either 1 ++ or 2 −+ . A study of the π + π − mass distribution [16] and the observation of its γJ/ψ decays [17, 18] indicate that the C-parity of the X (3872) is even, and the angular correlations among the π + π − J/ψ final state particles constrains the J PC for the X (3872) to be 1 ++ or 2 −+ , with 1 ++ preferred [16] . Recently, the 2 −+ assignment was revived by BaBar's analysis of the π + π − π 0 mass distribution in π + π − π 0 J/ψ final state, where 2 −+ is found to be slightly favored than 1 ++ [19, 20] .
BaBar reported >3σ significance signals for X (3872) decays to both γJ/ψ and γψ(2S), and the branching fraction of X (3872) → γψ(2S) is found to be larger than that of X (3872) → γJ/ψ [18] . While at Belle [21] , X (3872) → γJ/ψ was observed with similar production rate as measured by BaBar, but no X (3872) → γψ(2S) signal was observed, and B(B + → X (3872)K + )×B(X (3872) → γψ(2S)) < 3.4 × 10 −6 at the 90% C.L. was determined, smaller than the BaBar's result of (9.5 ± 2.7 ± 0.6) × 10 −6 [18] .
BaBar sets an upper limit of the X (3872) production rate in the B-meson decays by measuring the momentum distribution of the inclusive kaon from B-meson decays [22] :
Together with all the other measurements on the product branching fractions
We find that the decay width of the X (3872) to π + π − J/ψ is larger and the production rate of the X (3872) in B decays is smaller than conventional charmonium states such as η c , ψ(2S), and χ c1 [7] .
The XY Z states near 3.94 GeV
In 2005, Belle reported observations of three states with masses near 3940 MeV: the X (3940), seen as a D * D mass peak in e + e − → J/ψD * D annihilations [23] ; the Y (3940), seen as an ωJ/ψ mass peak in B → KωJ/ψ [24] ; and the Z(3930), seen as a DD mass peak in γγ → DD [25] . The Y (3940) and Z(3940) were confirmed by BaBar experiment [26, 27] .
The Y (3940) mass is well above DD or D * D mass threshold, but was discovered via its decay to the hidden charm ωJ/ψ final state. This implies an ωJ/ψ partial width that is much larger than expectations for usual charmonium. Recently, BaBar [19, 20] To add more information to the states in this mass region, Belle observed a dramatic and rather narrow peak, X (3915), in γγ → ωJ/ψ [28] that is consistent with the mass and width reported for the Y (3940) by the BaBar group. The resonance parameters of the X (3915) are M = 3914 ± 4 ± 2 MeV and Γ = 28 ± 12 +2 −8 MeV, with a statistical significance of 7.1σ . Of these, only the Z(3930) has been assigned to a 2 3 P 2 cc charmonium state, which is commonly called the χ c2 (2P). If not exotic states, the X (3940) could be a candidate for η c (3S) and the Y (3940) (maybe the same as the X (3915)) could be χ c0 (2P).
The Y (4140), Y (4280), and X (4350)
Using exclusive B + → J/ψφ K + decays, CDF Collaboration observed a narrow structure, Y (4140), near the J/ψφ mass threshold with a statistical significance of 3.8σ [29] . The analysis is updated with more data and the signal significance is larger than 5σ now [30] . The mass and width of this structure are fitted to be 4143.4 The Belle Collaboration searched for this state using the same process with 772×10 6 BB pairs. No significant signal was found, and the upper limit on the production rate B(B + → Y (4140)K + , Y (4140) → J/ψφ ) is measured to be 6 × 10 −6 at the 90% C.L. Although this upper limit is lower than the central value of the CDF measurement (7.7 ± 3.7) × 10 −6 , they do not contradict with each other considering the large error [31] .
Assuming the Y (4140) is a D * +
s D * − s molecule with quantum number J PC = 0 ++ or 2 ++ , the authors of Ref. [32] predicted a two-photon partial width of the Y (4140) of the order of 1 keV, which is large and can be tested with experimental data. The Belle Collaboration searched for this state in two-photon process [33] . No Y (4140) signal is observed, and the upper limit on the product of the two-photon decay width and branching fraction of Y (4140) → φ J/ψ is measured to be Γ γγ (Y (4140))B(Y (4140) → φ J/ψ) < 39 eV for J P = 0 + , or < 5.7 eV for J P = 2 + at the 90% C.L. The upper limit is lower than the predictions in Ref. [32] . This disfavors the scenario of the Y (4140) being a D * + s D * − s molecule with J PC = 0 ++ or 2 ++ . Evidence is reported for a narrow structure at 4.35 GeV/c 2 in the φ J/ψ mass spectrum in the above two-photon process γγ → φ J/ψ in Belle experiment [33] . A signal of 8.8 +4.2 −3.2 events, with statistical significance of greater than 3.2 standard deviations, is observed. The mass and natural width of the structure (named as X (4350)) are measured to be 4350.6 +4.6 −5.1 (stat) ± 0.7(syst) MeV and 13.3 +17.9 −9.1 (stat) ± 4.1(syst) MeV, respectively. It is noted that the mass of this structure is well consistent with the predicted values of a ccss tetraquark state with J PC = 2 ++ in Ref. [34] and a D * + s D * − s0 molecular state in Ref. [35] .
The Y states in ISR processes
The study of charmonium states via initial state radiation (ISR) at the B-factories has proven to be very fruitful. In the process e + e − → γ ISR π + π − J/ψ, the BaBar Collaboration observed the Y (4260) [36] . This structure was also observed by the CLEO [37] and Belle Collaborations [38] with the same technique; moreover, there is a broad structure near 4.008 GeV in the Belle data. In a subsequent search for the Y (4260) in the e + e − → γ ISR π + π − ψ(2S) process, BaBar found a structure at around 4.32 GeV [39] , while the Belle Collaboration observed two resonant structures at 4.36 GeV and 4.66 GeV [40] . Recently, CLEO collected 13.2 pb −1 of data at √ s = 4.26 GeV and investigated 16 decay modes with charmonium or light hadrons [41] . The large e + e − → π + π − J/ψ cross section at this energy is confirmed. Belle and BaBar have exploited ISR to make measurements of cross sections for exclusive open-charm final states in this energy range [42, 43, 44, 45, 46, 47] . The exclusive channels that have been measured so far nearly saturates the total inclusive cross section, but there is no evidence for peaking near the masses of the Y states. The one exception is e + e − → Λ + c Λ − c , which has a threshold peak in the vicinity of the Y (4660) peak mass [44] .
The )) decays to open charm implies that the π + π − J/ψ (π + π − ψ(2S)) partial width is large: the analysis of Ref. [50] gives a 90% C.L. lower limit Γ(Y (4260) → π + π − J/ψ) > 508 keV, which should be compared with the corresponding π + π − J/ψ partial widths of established 1 −− charmonium states: 201 keV for the ψ(2S) and 52.7 keV for the ψ(3770) [7] .
The nature of these states is unknown, and many possibilities have been proposed [12] , including charmonium, molecule, hybrid, baryonium, and so on. There are also argument that these structures are purely threshold effect or the final state interaction of the charmed meson pairs. More experimental measurements and more theoretical calculations are badly needed to have a deeper understanding of these structures.
Multiple solutions in fitting R-values [51]
In explaining the Y states and the excited ψ states, the leptonic partial widths provide very important information. As we know, the vector quarkonium states could be either S-wave or D-wave spin-triplet states, with the S-wave states couple strongly to lepton pair while the D-wave states couple weakly since the latter are only proportional to the second derivative of the wave-function at the origin squared, as expected in the potential models. This leads people to believe that the ψ(4040) is the 3S charmonium state, ψ(4160) the 2D state, and ψ(4415) the 4S state. This has been a well accepted picture for more than two decades before the discovery of the so-called Y particles, namely, the Y (4008), Y (4260), Y (4360), and Y (4660). With seven states observed between 4.0 GeV/c 2 and 4.7 GeV/c 2 , some people started to categorize some of these as non-conventional quarkonium states, while others tried to accommodate all of them in modified potential models. Many of the theoretical models use the leptonic partial widths of these states to distinguish them between S-and D-wave assumptions [52, 53] , and most of the time, the values on the leptonic partial widths are cited from the PDG [7] directly. Although the resonance parameters of these excited ψ states have been measured by many experimental groups, all of them were obtained by fitting the R-values measured in the relevant energy region. The most recent ones [54] , which were from a sophisticated fit to the most precise R-values measured by the BES collaboration [55, 56] , are the only source of the leptonic partial widths of these three ψ states now quoted by the PDG [7] .
In fitting to the BES data, unlike the previous analyses, the BES collaboration considered the interference between the three resonances decaying into the same final modes, and introduced a free relative phase for the amplitude of each resonance [54] . The new parametrization of the hadronic In a recent study [51] , it is pointed out multiple solutions can be found in the fit to the R-values, resulting four sets of solutions for the leptonic partial widths of the excited ψ states. The fit results are presented in Table 1 , there are four solutions found in the fit. It should be noted that the four solutions have identical χ 2 , masses, and total widths for the resonances, but different partial widths to lepton pairs.
As the Γ ee of the vector resonances are closely related to the nature of these states, the choice among the distinctive solutions affects the classification of the charmonium and charmonium-like states observed in this energy region. The Y (4260) was proposed to be the ψ(4S) state and the ψ(4415) be ψ(5S) in Refs. [52, 53] , we can see that in this assignment, the calculated partial widths of ψ(4040) = ψ(3S) and ψ(4415) = ψ(5S) [53] agree well with the fourth solution listed in Table 1 .
Of course the possible mixing between S-and D-wave states will change significantly the theoretical predictions of the partial widths of these states [58] , and the QCD correction, which is not well handled [57] , may also change the theoretical predictions significantly. So far, we have no concrete criteria to choose any one of the solutions as the physics one.
It should be noticed that if the Y states are considered together with the excited ψ states in fitting the R-values, there could be even more solutions, the situation may become more complicated. We also notice that the existence of the multiple solutions is due to the inclusion of a free phase between two resonances, if these phases can be determined by other means (either theoretically or experimentally), it will be very helpful to know which solution corresponds to the real physics.
Summary
In summary, there are lots of progress in low and high mass spectroscopy. A better under-standing of the charmonium and bottomonium spin-singlets is achieved, although h b is still not observed. There are lots of new states, composed of either only light quarks or light and heavy quarks, observed in experiments. Some of these states have very exotic properties, which may suggest the long searching exotic states have been observed. However, due to limited statistics, the experimental information on the properties of any of these states is not enough for us to draw solid conclusion, let alone our poor knowledge on the QCD prediction of the properties of the exotic states or the conventional mesons.
In the near future, BESIII experiment [59] may accumulate more data for center of mass energy between 3.0 and 4.6 GeV, this will contribute to the understanding of some of the states discussed above; the Belle II experiment [60] under construction, with about 50 ab −1 data accumulated, will surely improve our understanding of all these states. We also expect new results from hadron colliders as well as fixed target experiments.
